Department of Physics and Photon Science, Gwangju Institute of Science and Technology (GIST), Gwangju 61005, Republic of Korea E-mail: hysuk@gist.ac.kr
A : Measurement of the electron density of the inductively-coupled plasma (ICP) was performed by using laser-plasma-produced THz (terahertz) pulses, which are generated by focusing laser beams in gas with DC bias. The generated THz pulses are sent to the ICP and the plasma density is measured by the THz time-domain spectroscopy (THz-TDS) method. By measuring the amount of the phase shift caused by the THz pulse passing through the plasma, the electron density of the plasma can be deduced. The result shows that the ICP device can produce argon plasmas with electron densities in the range of 10 13 ∼ 10 14 cm −3 , which is a typical density range for magnetic fusion plasmas. This implies that the laser-plasma-based THz source can be a new diagnostic tool for fusion plasmas as well as other plasmas. In addition to this result, more broadband THz pulses, which are generated by the two-color photoionization method, are also investigated for the application possibility for more diverse plasmas, for example, higher density plasmas.
K
: Plasma diagnostics -interferometry, spectroscopy and imaging; Plasma generation (laser-produced, RF, x ray-produced) produce even broader THz spectrum compared with the DC-biased plasma method and so it may cover a wider range of plasma densities. Hence, we also propose to use the broadband THz pulses from the two-colour photoionization method. In this paper, all those works are reported.
2 Electron density measurement by laser-plasma-produced THz pulses
THz generation via laser-plasma interactions
THz can be generated by space charge fields driven by the ponderomotive force when a short laser pulse is focused in gas [4] . However, for the application of this THz radiation to plasma diagnostics, it is better to increase the THz energy and control its propagation direction. There are mainly two methods to increase the energy of the laser-plasma THz pulses. In the first method, it can be done by applying a high DC voltage to the laser-induced plasma or "filament" to induce a drift current inside the plasma (see figure 1-(a) ). In the second method, it can be done by mixing the fundamental (ω) and its second harmonic (2ω) laser pulses by focusing them co-linearly to produce the filament and to induce electron drift current inside the laser-plasma (see figure 1 -(b)) [7] . In the former method, the external electric field is applied to the laser-plasma via a high voltage DC-bias system. In this method, the electric field induces drift currents in the direction parallel to the external electric field, allowing the plasma to emit strong THz radiation in the forward direction. The latter method is called the two-colour photoionization or simply two-colour scheme. In this scheme, generation of a quasi-DC current inside the plasma is achieved by mixing and focusing ω and 2ω pulses [8] , emitting THz radiation in a conical shape. Details of the two-colour method are discussed later in section 3.3. 
Relationship between the THz phase shift and the electron density
The basic concept of electron density measurement via THz radiation is to see the phase shift of THz radiation in the plasma. When a THz pulse passes through a plasma, it has a phase shift whose amount is proportional to the electron density inside the plasma. This can be expressed as
where ∆Φ(ω, L) is the phase shift value in terms of frequency and the plasma's length (L) that the THz pulse propagates through, c is the speed of light, n e is the electron density of the target plasma, 0 is the vacuum permittivity, m is the electron mass, e is the electron charge, and γ p is the collision frequency of the electrons inside the plasma. In typical situations, the equation can be approximated as
where ω p is the plasma oscillation frequency ω p = (e 2 n e /m 0 ) 1/2 . Here, the collision frequency term γ p can be neglected because in general, unmagnetized plasmas from inductively-coupled discharges have a very low electron-neutral collision rate compared with the THz frequency. It is not surprising since electron temperatures in many ICP or CCP (capacitively-coupled plasma), the electron temperature range is 1 ∼ 10 eV or sometimes under 1 eV [9, 10] . Therefore, for the lower electron temperature, there will be less collisions between particles in the plasma, for example, GHz frequency scale [11, 12] . Hence, the collision frequency of the electrons will be relatively smaller than frequency of the THz injected to the plasma. Equation (2.2) implies that the electron density of the target plasma can be deduced by fitting the acquired phase shift value by 1/ω function.
Research results

Experimental setup
In the experiment, the Ti:Sapphire regenerative amplifier laser system (Spectra-Physics Spitfire Pro) in our laboratory was used, which can provide p-polarized laser pulses with a central wavelength of 795 nm, an energy of 1 mJ/pulse, 40 fs pulse duration, and 1 kHz repetition rate. For this experiment, the ICP chamber was specially designed to yield electron densities similar to that of fusion reactors such as KSTAR (Korea Superconducting Tokamak Advanced Reactor) [13] . The ICP was operated using the 13.56 MHz radiofrequency (RF) power source with an impedance matching network (RFPT Co. Ltd.). The plasma is produced in a 10-long cm quartz tube, which is surrounded by an eight-turn hollow copper wire in the chamber. Water flows in and out through the hollow copper wire to cool down the wire, and cooling fans were installed on top of the chamber to take out the hot air out of the chamber. A pair of z-cut quartz windows are mounted at both ends of the chamber (see figure 2) . Figure 3 depicts the setup of this experiment. Laser pulses from the Ti:sapphire regenerative amplifier passes through an optical chopper, and then split by a beamsplitter (90% transmission and 10% reflection). The transmitted pulses are then focused by a lens ( f = 250 mm), and they produce a laser-induced plasma filament. An electric field with 8 ∼ 10 kV/cm of field strength is applied to the plasma filament via DC bias device ( figure 3-(b) ), to let the filament to shed THz pulse with enhanced pulse energy in the forward direction. The emitted THz wave is collimated by a gold-coated off-axis parabolic (OAP) mirror ( f = 152.4 mm), and it passes the plasma in the ICP chamber. Since the inner diameter of viewport of the ICP chamber is approximately 20 mm, the THz size should be smaller than 20 mm. The THz beam size can be changed easily by using a lens or mirror for THz. A simple calculation shows that the Rayleigh range is about 4 cm for a THz beam with an initial radius of 2 mm and a frequency of 1 THz, so it can cover about 8-cm-long plasma without significant beam size increase, which is the case of our experiment. After the ICP chamber, the THz wave is focused to a 1 mm-thick ZnTe 110 crystal by another OAP mirror ( f = 152.4 mm) with a hole. Now the probe beam, which is reflected from the beamsplitter, propagates through the hole at the second OAP mirror. The lens ( f = 250 mm) located before the second OAP focuses the probe beam to the ZnTe crystal. When the THz signal arrives at the ZnTe crystal, the refractive index of the crystal is changed in proportion to the THz field strength. Change of the refractive index affects the polarization state of the probe beam passing through the ZnTe, by making the probe beam to have s-polarization component. The amount of polarization change hence indicates the THz field strength from the laser-plasma filament, and it is detected by the electro-optic (EO) sampling technique.
THz-TDS results
We produced THz pulses by using the DC-biased plasma method and used the THz for the THz-TDS experiment. In addition to the experiment, simulations were also done and compared with the experimental result. Due to the dispersion effect of the plasma, the THz waveform changes as the electron density of the target plasma varies. As the plasma density increases, the THz wave will have attenuation in its field amplitude, as well as distortion from different dispersion condition the plasma yields, and the effect can be seen in its frequency spectrum as well.
The THz waveform presented in figure 5 shows that the THz wave from the experiment agrees well with the simulation result under the given electron density condition (5.3 × 10 13 cm −3 ).
The result of the electron density measurement is shown in figure 5 . As the input RF power increases, the electron density also increases almost linearly. This tendency can be explained quite reasonably by proper application of the theoretical model such as the ambipolar diffusion model for the inductively-coupled discharge plasma, which was previously studied in our group [3] . 
Investigation for the application possibility of the two-color THz method for plasma diagnostics
In the previous THz-TDS experiment, we used THz pulses with a bandwidth of a few THz. However, it should be noted that there is a limitation to use it for a wide range of plasma densities. Hence, it would be better to have a broader THz spectrum for more flexibilities. For this reason, we generated a broader THz spectrum by using the two-colour method. The mechanism of THz generation in the two-colour scheme is well explained by the photocurrent model proposed by Kim et al. [8] . The photocurrent model suggests that the relative phase difference between ω and 2ω, and it gives rise to drift velocity in the plasma, i.e. quasi-DC electron current. To briefly explain the mechanism, suppose a laser field with two different frequency components, which can be expressed as
where E ω and E 2ω are the fundamental and second harmonic field amplitudes, ω is the angular frequency of the laser, ϕ 1 and ϕ 2 are the initial phase of the ω and 2ω waves, respectively, and θ is the relative phase between the ω and 2ω waves. Now assuming that the electrons in the plasma oscillate as the input laser field given in eq. (3.1), their drift velocity would follow the oscillation frequency of the laser field. The drift velocity can be easily derived from the Coulomb force equation
where m e is the electron mass and the initial electron velocity was assumed to be zero. The biased drift velocity from the two-colour scheme can be a source of current surge that would induce the THz radiation from the plasma j (t) = ∫ t
is the electron drift velocity at t = t , n e (t ) is the electron density at time t . Since E THz ∝ dj(t)/dt, it is important to notice that THz radiation takes place when the electron current j (t) is not cancelled. The electron current is maximized when the relative phase between ω and 2ω is π/2, as shown in figure 6 . The electron density and electron current calculated using the ADK (Ammosov-DeloneKrainov) model, which accounts for the tunnelling ionization process by high intensity laser fields. In this simulation, the laser-plasma was created by mixing ω (10 14 W/cm 2 ) and 2ω (2×10 13 W/cm 2 ) in the atmospheric N 2 gas. In the case of θ = π/2, there is a quasi-DC electron current, unlike in θ = 0 case, which is responsible for the maximized THz radiation in θ = π/2. The broadband two-colour THz detection was done by the Fourier transform infrared spectroscopy (FTIR) [5, 14] since it is impossible to detect broadband THz with nonlinear crystals such as ZnTe. In this work, therefore, the FTIR method was adopted to measure the frequency spectrum of the THz from two-colour scheme. Figures 7 and 8 show the experimental scheme and the measured broadband THz from the two-colour scheme. In FTIR, a THz wave is split by a silicon wafer, which divides the THz pulse approximately 50:50. The split THz waves meet at the detector, where the THz interferogram signal is acquired. As shown in figure 8-(b) , the frequency range expands to more than 50 THz, while the spectrum from the laser-induced plasma with DC bias ( figure 8-(b) inset) expands approximately to 4 THz. From this result, it can be inferred that the two-color THz can measure around 200 times higher electron density than THz waves from the DC bias method. Therefore, using the two-color THz method may be useful for some high density plasmas as an advanced THz-based plasma diagnostic technique. 
Conclusions
Electron density of argon plasma was measured using the laser-plasma THz radiation generated by the DC bias scheme. Results show that the THz waves retrieved from both the experiment and simulation were consistent with each other, thus presenting its possibility of application for plasma diagnostics. Since the measured electron density is within approximately 10 13 to 10 14 cm −3 range, it implies that the laser-plasma THz can be a tool for researches on fusion plasma diagnostics in a laboratory scale. Diagnosable electron density range depends on the bandwidth of the THz radiation, hence a THz source with a broader bandwidth will be also useful for diagnosis of diverse plasmas. For this matter, the two-colour photoionization method, which can yield THz with a broader bandwidth and a higher pulse energy, can be a reasonable option to choose. Therefore, we propose to use THz waves from the two-colour photoionization scheme for diagnostics of more diverse plasmas, which can cover a much wider range of plasma densities.
